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Recent experimental observation of magicity in 78Ni has infused the interest to examine
the persistence of the magic character across the N=50 shell gap in extremely neutron
rich exotic nucleus 78Ni in ground as well as excited states. A systematic study of Ni
isotopes and N=50 isotones in ground state is performed within the microscopic frame-
work of relativistic mean-field (RMF) and the triaxially deformed Nilson Strutinsky
model (NSM). Ground state density distributions, charge form factors, radii, separation
energies, pairing energies, single particle energies and the shell corrections show strong
magicity in 78Ni. Excited nuclei are treated within the statistical theory of hot rotat-
ing nuclei where the variation of level density parameter and entropy shows significant
magicity with a deep minima at N=50, which, persists up to the temperatures ≈ 1.5−2
MeV and then slowly disappear with increasing temperature. Rotational states are eval-
uated and effect of rotation on N=50 (Z=20−30) isotones are studied. Our results agree
very well with the available experimental data and few other theoretical calculations.
Keywords: Relativistic mean-field theory; Nilson Strutinsky approach; Doubly Magic
Nucleus; Shell Closure.
PACS numbers: 23.50.+z, 21.10.-k, 21.10.Dr
1. Introduction
The phenomenal advances in the nuclear experimental techniques1–4 during the
last two decades have made it possible to study more and more exotic nuclei. One
such recent experimental observation of magicity in 78Ni has invoked tremendous
curiosity to explore the unique characteristics of such extremely neutron rich exotic
doubly magic nucleus. The persistence of the magic character across N=50 shell gap
in neutron rich nuclei has attracted a lot of attention of nuclear theorists to test
their models in this yet unknown regime. As the very neutron rich nuclei play an
important role in the r-process nucleosynthesis, the doubly magic 78Ni is of special
1
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relevance in the astrophysical r-process path as it serves as one of the possible
waiting points in the synthesis of heavier elements.5 Among the classic nuclear
shell gaps and doubly magic nuclei, only 48Ni, 78Ni, 100Sn, and 132Sn are are close
to nucleon drip lines away from the stability. Out of these, 78Ni is the most exotic
one and with experimentally unknown properties. Therefore, 78Ni, with the extreme
N/Z ratio in a doubly magic nucleus and the proximity to the neutron dripline and
the continuum, represents a unique stepping stone towards the physics of extremely
neutron-rich nuclei.
Several experimental and theoretical efforts are going on to study the Ni and
its neighboring isotopes to examine the magicity away from the stable valley and
validate many experimental and theoretical investigation with their properties. The
conventional magic numbers Z(N)=2, 8, 20, 28, 50, 82, 126 have so far continued to
play an important role in the theoretical and experimental development of nuclear
physics. However, the break down of conventional magicity N=8, 20, 28 etc.6–8
and confirmation of new magicity N=14, 16, 32, 349–18 along with Z=1619 have
provided routes of consistent improvement of various theoretical calculations and
experimental techniques. Specifically, in the case of 78Ni, the large neutrons to
protons ratio might allow the observation of unusual shell effects. For shell-model
calculations where this nucleus is considered as a core20–23 in order to explore the
properties of A=80−90 neutron-rich nuclei, including those lying on the r-process
path, the knowledge of single-particle energies of 78Ni would be crucial to know.
In the last decade, the half life of 78Ni has been deduced experimentally for the
first time in Refs .5, 24, 25 A systematic study of β decay half lives has provided
the experimental indication of double magicity25 for both the Z=28 and N=50
shell gaps in 78Ni. In-beam γ-ray spectroscopy of low-lying level structures of nu-
clei in the vicinity of 78Ni also indicated its doubly magicity.26 Recently, two back
to back studies by Olivier et al.27 and Welker et al.28 have hallmarked 78Ni as a
strong doubly magic nucleus. The doubly magic character in 78Ni has already been
reported by many theoretical calculations including shell-model calculations,20 rel-
ativistic mean-field model using TMA parameter,29 relativistic continuum Hartree-
Bogoliubov theory30 and First-Principles computations.31 Furthermore, the sen-
sitivity to the symmetry energy and the role of the continuum in neutron-rich
Ni isotopes has been discussed by Piekarewicz et al.32 Shell evolution above Z,
N=50 within Skyrme density functional theory has been analyzed with a blocking
procedure which accounts for the polarization effects, including deformations.33 In
addition, the signature of fifth island of inversion, i.e., a well-deformed prolate band
at low excitation energy in 78Ni, providing a striking example of shape coexistence
far from stability.34
In a very recent work, the temperature dependence of the symmetry energy and
neutron skins in Ni, Sn, and Pb isotopic chains35 of magic nuclei have indicated the
importance of the study of the excited states of the neutron rich doubly magic nuclei.
The first 2+ state in 78Ni is predicted at nearly 4 MeV, a value analogous to the 2+
state of 132Sn.20 An observation of an 8+ isomeric state in 78Zn for the first time,
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represents the closest approach to the doubly-magic nucleus 78Ni made so far in γ-
spectroscopy studies.36 This result consists of the first experimental evidence of the
persistence of the N=50 shell gap near 78Ni. Since the shell structure gets influenced
profoundly by the excitations, it is important to understand the behaviour of N=50
shell gap in neutron rich nuclei in the vicinity of 78Ni due to the excitation energy
at different temperatures and spins, which, along with a systematic study of ground
state properties, is the objective of this work.
In this paper, we study the persistence of the magic character of 78Ni in two
parts:
(1) We study the ground state of 78Ni within the theoretical framework of
RMF+BCS approach 37–40 and the triaxially deformed Nilson Strutinsky Model
(NSM),41, 42 and compare our results with existing experimental and other theoret-
ical data.
(2) The effect of temperature and spin on doubly magic exotic nucleus 78Ni and its
neighbouring N=50 isotones (Z=20−30) is introduced for hot rotating nuclei simi-
lar to that done in our earlier works.41, 43 The excited states are treated using the
statistical theory of hot rotating nuclei.41, 43–45 Rotational spectrum at various tem-
peratures along with the statistical properties such as the level density parameter
(LD)46, 47 and entropy for N=50 shell gap in the vicinity of 78Ni, are studied.
2. Ground state properties
2.1. RMF approach
Here, we present a detailed investigation of ground state properties of the entire
chain of Ni isotopes with N=20−70 and N=50 isotones for Z=20−50. For this
purpose, we employ relativistic mean-field plus state dependent BCS (RMF+BCS)
approach37–40, 48–51 together with a realistic mean-field, which has proved to be very
useful and a successful tool especially for drip line nuclei as shown in our earlier
work.38–40 We use the model Lagrangian density with nonlinear terms both for the
σ and ω mesons as described in detail in Refs.37, 50, 52 For the pairing interaction,
we use a delta force, i.e. V=-V0δ(r) with the strength V0=350 MeV fm
3 which
has been used in Refs.37–40 for the description of drip-line nuclei. Based on the
single-particle spectrum calculated by the RMF, we perform a state dependent
BCS calculations.53, 54 The detailed description of the theoretical formalisms that
have been adequately described in our earlier works have not been given in this
paper. (Readers may refer 37, 39, 50, 52, 55 for detailed description of formalism).
There have been various attempts to identify the emergence of the non-
traditional magic numbers56, 57 based on the analysis of the systematics of the
experimental proton radii reported recently. Therefore, the size of a nucleus, which
can be defined as the root-mean-square (rms) radius of its nucleon distribution, is
expected to provide important insights on the evolution of the magic numbers.58, 59
In view of this, we have plotted proton rms radii for N=50 isotones (Z=20−50)
calculated by RMF approach using NL3*60 and PK161 parameters in Fig. 1(a).
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Fig. 1. (Colour online) (a) Variation of proton rms radii with respect to Z for N=50 isotones. (b)
normalized radii (Rnorp =Rp/R
Co
p ) vs. Z.
For a comparison, we have also plotted available experimental proton radii ex-
tracted from Ref. 56 using Rp=
√
R2c-0.64 fm relation. In addition, we have shown
the proton radii calculated by other theories like non-relativistic approach viz.
Skyrme-Hartree-Fock method with the HFB-24 functional62 and relativistic con-
tinuum Hartree-Bogoliubov (RCHB) theory with the relativistic density functional
PC-PK1.63 Angeli et al.56, 57 have suggested a kink (change in the slope) for shell
closure56, 57 which is evident in Fig. 1(a) for the case of 78Ni from all the theories
considered. To eliminate the smooth mass number dependence of the proton rms
radii Rp, we normalize proton rms radii using the following formula given by Collard
et al.
64
RCop =
√
3/5 (1.15 + 1.80A−2/3 − 1.20A−4/3) A1/3fm (1)
The normalized radii (Rnorp =Rp/R
Co
p ) is also plotted in Fig. 1(b) from all the theo-
ries considered and also with the available experimental data. One can see a sharp
kink once again showing the magicity of 78Ni.
The charge distribution for various isotones of N=50 including that of 78Ni
is estimated. The radial charge distribution of 70Ca, 72Ti, 74Cr, 76Fe and 78Ni (Z
ranging from 20 to 28) is displayed in Fig. 2(a). Interestingly, the charge distribution
of 78Ni with the largest Z (=28) among the nuclei considered, is found similar to
the charge distribution of another magic number with lowest Z (= 20). The charge
densities of 78Ni and 70Ca are found to fall rapidly as compared to that of 72Ti, 74Cr
and 76Fe. This pattern of density, which is confined to smaller distances, further
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Fig. 2. (Colour online) (a) Variation of charge distribution along with radius (b) Variation of Form
Factor with respect to scattering angle for some selected nuclei in N=50 Isotones.
exhibits magicity in 78Ni.
A useful physical observable, the nuclear charge form factor, a measurable quan-
tity through the elastic electron-nucleus scattering experiments65–67 is displayed in
Fig. 2(b) for 70Ca, 76Fe and 78Ni. A clear difference in the peaks of form factor
of 76Fe and 78Ni can be easily visible around scattering angle 40◦. The difference
between form factor of 70Ca and 78Ni at large scattering angle ∼130◦ may be
attributed to the halo structure of 70Ca which is reported by Meng et al.68 and
Kaushik et al.69 However, near future projects like SCRIT70, 71 and ELISe35, 72 are
expected to provide much needed data to identify magic nature experimentally by
measurement of charge distribution.
The pairing energy contribution from the protons and neutrons has been com-
puted for Ni isotopes using NL3* parameter, which has been displayed in Fig. 3.
Proton pairing energy has always been found zero characterizing magic character at
Z=28. Neutron pairing energy varies from zero to 8 MeV in between two magic num-
bers therefore zero contribution from neutron side along with zero proton pairing
energy lead to the nuclei which are doubly magic. Therefore, we get 48,56,68,78,98Ni
as doubly magic candidates as seen in Fig. 3. Similar behaviour is found from PK1
parameter (not shown here).
The proton single particle energies for Ni isotopes are plotted in Fig. 4, which
show the variation of the proton single particle states with the neutron number
(N=20−70) variation. The gap between the proton s-d shell and proton 1f7/2 state
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is significant enough and leads to Z=20 shell closure. The gap between 1f7/2 and
proton fp shell (1f5/2, 2p3/2 and 2p1/2) indicate shell closure at Z=28. Both these
gaps are sufficient enough to provide proton shell closures for all the neutron num-
bers shown. However, for N=50, the shell gap of Z=20 decreases gradually and the
shell gap responsible for Z=28 attains its maximum value of 8.4 MeV (at 778Ni)
which builds up from 3.5 MeV (at 48Ni) to 6.2 MeV (at 98Ni). This shows that at
78Ni, the proton single particle states are aligned to produce strongest magicity.
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Fig. 5. (Colour online) Two neutron shell gap [S2n(N, Z)−S2n(N+2, Z)] and two proton shell gap
[S2p(N, Z)−S2p(N, Z+2)] for Ni isotopes and N=50 isotones in (a) and (b), respectively.
In Fig. 5(a) and (b), we compare two neutron shell gap [S2n(N, Z)−S2n(N+2,
Z)] and two proton shell gap [S2p(N, Z)−S2p(N, Z+2)] for Ni isotopes and N=50
isotones, respectively. Here, we plot our results of RMF using NL3*60 and PK1
parameters61 along with the results using Nilson Strutinsky Model (NSM)41, 42
(given in next section) for comparison, in Fig. 5. In addition, results of other theories
like non-relativistic approach viz. Skyrme-Hartree-Fock method with the HFB-24
functional62 and Finite Range Droplet Model (FRDM)73 are also plotted along
with available experimental data.74 Fig. 5 itself speaks its excellent match with
experiments, both parameter of RMF, NSM approach and other theories. Here the
peak refers to magic character which are apparent in Figs. 5(a) and (b) for the case
of 78Ni.
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Fig. 6. Values of shell correction δEShell to energy (in MeV) vs. neutron number N for Ni isotopes
and vs. proton number Z for N=50 isotones in (a) and (b), respectively.
2.2. Nilson Strutinsky Model (NSM)
Another formalism used for the present study is the triaxially deformed Nilson
Strutinsky (NS) model which treats the delicate interplay of macroscopic bulk
properties of nuclear matter and the microscopic shell effects, and has been used
extensively in our earlier works .41, 42 We evaluate binding energy, separation en-
ergy, deformation and shape by incorporating macroscopic binding energy BELDM
obtained from the LDM mass formula 75 to the microscopic effects arising due
to nonuniform distribution of nucleons through the Strutinsky’s shell correction
δEshell
76 along with the deformation energy Edef obtained from the surface and
Coloumb effects .42 Energy E (=-BE) minima are searched for various β (0 to 0.4
in steps of 0.01) and γ (from -180o (oblate) to -120o (prolate) and -180o < γ <
-120o (triaxial)) to trace the nuclear shapes and equilibrium deformations.
Fig. 6 shows very strong evidence for the magic character of 78Ni in the plots
of shell correction to energy. The shell correction δEShell, which is expected to
show peaks at around shell closures, is found to show deepest minima at 78Ni, both
for Ni isotopes and N=50 isotones, indicating a very strong magic character. The
sphericity and the magic character of other magic nuclei (at N=20 and 28 in Fig.
6(a)) also show minima showing magicity. N=40 show small peak as well indicating
semi magic character. δEShell values plotted in Fig. 6, vary from a minimum of
around ∼ 4-5 MeV near closed shells as expected to a few keV’s around other
nuclei. At 78Ni, the δEShell values is around 8 MeV which is the deepest minima
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Fig. 7. (a) Shape parameter γ and (b) deformation(β) vs N for Ni isotopes. In γ plot, asterisk
symbols represent spherical nuclei.
among all isotopes of Ni.
The shape parameter γ and equilibrium quadrupole deformation β of Ni iso-
topes are plotted in Figs. 7(a) and 7(b), respectively. Nuclei with double magic
nucleons with N=20, 28, 40(semi magic), 50 are spherical with zero deformation.
Mid-shell nuclei show deformation upto 0.1 although they are magic with Z=28.
Shapes change rapidly from oblate to triaxial to prolate and spherical. Fig. 8 shows
beta and gamma for N=50 isotones where deformation of all isotones are usually
small and the shape is spherical, oblate or triaxial.
3. Excited nuclei- Statistical theory of hot rotating nuclei
Excited high spin states of the neutron rich exotic nuclei across N=50 shell gap are
studied within the framework of statistical theory of hot rotating nuclei .41, 43–45, 77
Since the shell structure, which is mainly responsible for the equilibrium defor-
mation or shape of the nucleus in the ground state of a nucleus, eventually gets
wash out by heating of the nucleus at a certain critical temperature, , we assess the
persistence of magicity of N=50 in and near 78Ni with increasing excitation. We
study statistical properties at different temperatures (T) and spin (M(~)). For this
purpose, we use statistical theory of hot rotating nuclei and evaluate excitation en-
ergy (Ex) and entropy (S) of the system. We minimize the free energy (F=E−TS)
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to trace deformation and shape of the nuclei at angular momentum M=0−60~.
(Kindly refer to Refs. 41, 43 for detailed description of theoretical formalism).
This section has two parts where
(i) first, we suppress the rotational degree of freedom and study the temperature
dependence of N=50 shell closure, and then
(ii) the influence of rotation across N=50 shell gap is examined.
3.1. Temperature effects
It is now a well-known fact that the density of the quantum mechanical states
increases rapidly with excitation energy and the nucleus shifts from discreteness
to quasi-continuum to continuum where the statistical concepts like level density
(LD),46, 47, 78–80 which is the number of excited levels around an excitation energy,
become crucial for the prediction of various nuclear and astrophysical phenomena.
Since the level density parameter ’a’ is expected to be minimum at the shell closures,
we evaluate and plot the level density parameter ’a’ (=S2/4Ex) of Ni isotopes
at different temperatures in Fig. 9. We use a wide range of Ni isotopes 46−84Ni
which includes doubly magic 48Ni, 56Ni and exotic nucleus 78Ni. Deep minima at
N=20, 28, and 50 shows the strong magic character upto the temperatures (T)
around 1.5−2 MeV. With further increasing T, shell effects appear to diminish
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and ’a’ variation becomes more and more smooth with N and the kink in the curve
disappears completely at T=3 MeV. Deepest minima at 78Ni shows strong evidence
of magicity which has persisted upto a high temperature of T=1.5−2 MeV.
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Fig. 10. Entropy vs. mass number A for Ni isotopes at different temperatures.
Entropy, which always increases with increasing excitation, is shown for the Ni
isotopes at different T=0.8−2.0 MeV in Fig. 10. One may see a minima in the
entropy at N=20, 28 and 50 which is an evidence of magicity. Entropy is constantly
increasing with isospin as well as T, but shows a minima at shell closures especially
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at low T=0.8-1.5 MeV. 78Ni shows a peak with the lowest value as compared to
N=20 and 28 shell closures. This proves the strong magic character of 78Ni. For
higher temperatures > 1.5 MeV, entropy increases gradually. Disappearance of shell
structure with increasing excitation is evident in level density parameter as well as
entropy plots of neutron rich 78Ni which establishes this nucleus as strongly doubly
magic.
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76Fe
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Fig. 11. Level density parameter ’a’ vs. T for N=50 (Z=20−30) isotones.
The level density parameter of N=50 isotones (Z=20−30) are plotted in Fig.
11. It may be noted that the doubly magic neutron rich 70Ca and 78Ni show the
lowest level density parameter among all the other N=50 isotones which reaffirms
the doubly magic characteristic of exotic 78Ni as well as 70Ca (to be shown in detail
in our upcoming works).
3.2. Rotation effects
The structural properties of any nucleus are profoundly altered once the rotational
degree of freedom is included. At low T, the shell structure as well as the effects of
rotation are predominant. The equilibrium state of the nucleus is strongly influenced
by the changes in the single particle shell structure due to the temperature and spin.
To assess the impact of rotation on the strong magic character in the vicinity of
78Ni, we incorporate rotational degree of freedom and evaluate excitation energy
which includes rotational energy (Erot) as well thermal excitation energy.
Fig. 12 (a) shows the deformation (β) as a function of angular momentum at
T=0.7−3.0 MeV. It is interesting to see the doubly magic nucleus getting deformed
with rotation. At zero spin, β is zero which increases upto a value 0.16 with unusual
prolate non-collective shape, which eventually undergoes a shape transition to the
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Fig. 13. (a) Inverse level density parameter ’K’=A/a and (b) Entropy vs. M(~) for 78Ni at different
temperatures(T). At low T, the effect of rotation and shell structure are predominant.
usual oblate non-collective shape phase with deformation increasing upto 0.2. As T
increases, the deformed shape phase at low spin disappears and the nucleus directly
goes from spherical (with zero deformation) to oblate shape phase which is classical
response. At very high T, the nuclear deformation at high spin is much higher than
at low T. Fig. 12(b) shows rotational energy of 78Ni as a function of M. We note a
kink at low T=0.7 MeV which disappears with increasing T.
Fig. 13 shows (a) inverse level density parameter K=(A/a), and (b) entropy
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Fig. 14. ’K’ vs. M(~) at different temperatures for N=50 (Z=20−30). At T=3 MeV, K is almost
constant around 9−10 as expected.
of 78Ni varying with spin for different T which show fluctuations at low T due to
varying shell structure as shown in our earlier work .79 With increasing T, shell
effects are washed out and ’K’ attains almost constant value ≈ 9−10 as expected.
The entropy varies smoothly for higher T.
Inverse level density parameter ’K’ and entropy for N=50 isotones (Z=20−30)
close to 78Ni are plotted in Figs. 14 and 15, respectively. At low T, we see fluctu-
ations in ’K’ as a function of M which gets smoothed out with increasing T. ’K’
for 78Ni is the highest for all T. At T=3 MeV where ’K’ becomes almost constant
at a value around 9−10, Ni remains the highest among all the isotones proving its
magic character at high excitations.
4. Summary
A detailed investigation of magicity in the ground and excited states of 78Ni and
N=50 isotones is performed within the microscopic frameworks. Our calculations
include single particle spectra, proton and neutron densities, charge form factors,
radii and other ground state properties calculated by NL3* and PK1 force param-
eters of RMF. A detailed analysis of radii and density distribution of Ni isotopes
and N=50 isotones bear witness of strongest magic character of 78Ni. Also, pairing
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Fig. 15. Entropy vs. M(~) for N=50 isotones (Z=20−30) at different temperature. Almost constant
entropy at high T shows washing away of shell structure.
energy contribution, single particle levels, two-neutron (proton) shell gap calcu-
lated by RMF and the deformation, shape and shell correction (δEShell) to energy
calculated by Nilson Strutinsky model reveal strong magic character of 78Ni. Our
calculations are in close match with experimental data and the other theories viz.
HFB, RCHB and FRDM.
Excited states of 78Ni and N=50 isotones for Z=20−30 are studied as a function
of temperature and spin. Level density parameter and entropy show minima at
N=50 shell gap showing strong magicity in 78Ni. Among N=50 isotones (Z=20−30),
LD parameter is minimum for doubly magic neutron rich 78Ni and 70Ca.
Rotational states of 78Ni are computed. Rotation degree of freedom induces
deformation in 78Ni which undergoes a shape transition from an unusual prolate
non-collective at low spins to oblate non-collective at high spins. At high T, the
nucleus remains spherical at low spins with a transition to oblate at high spins which
is the usual behaviour of any hot rotating nucleus. Inverse level density parameter
for 78Ni is maximum among the other N=50 isotones showing the magic character
of this exotic neutron rich nucleus.
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